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ABSTRACT 
Contamination of groundwater by agricultural chemicals is of concern to the 
population of the Nonhem Great Plains. Preferential flow (macropore, finger, and 
funnel) allows such chemicals to move relatively rapidly through materials considered 
to be aquitards. Preferential flow mechanisms at two sites in North Dakota, one in 
till. the other in glaciolacustrine sediments. were determined by application of blue dye 
(FD&C No l) solution to framed sites ( 9m: & 4m:) with the topsoil removed. The 
sites were then cored and blocks hand-excavated to depths of 1.5 and 2.5-meters. The 
three types of preferential flow (macropore. finger, and funnel) were analyzed in the 
excavated blocks. The relative imponance of the flow mechanisms varied with depth. 
At the till site fractures provided the primary pathway for dye solution to be moved to 
textural boundaries at depth where funnel flow occurred. Over 90 percent of 
preferential flow occurred along fractures. with minor root channel and finger flow. 
Funnel flow observed in cores was imponant from 2.3 to 3.8m-depth. At the 
glaciolacustrine site about 80 percent of preferential flow occurred along fractures and 
as fingers to -80cm. Beyond this depth. > 90 percent of flow was along root 
channels. and funnel flow also was important to 3.8m. The extent of development of 
preferential flow mechanisms. and thus their ability to transpon a solution. is 
dependent on factors such as lithology, stratigraphy. climate. and agricultural practice. 
These conditions are site-specific and determine which preferential flow mechanisms 
Xlll 
have major or minor effects on solute transpon. The interaction of these preferential 
flow mechanisms allowed relatively rapid movement of dye solution through 
sediments typically thought to be poorly permeable. The type of preferential flow 
mechanisms. their development. relative imponance. and how they interact. should be 






The Energy and Environmental Research Center, University of Nonh Dakota, 
has undertaken a multi-phase investigation of the impact of agricultural chemicals on 
the groundwater quality in the northern Great Plains, funded by United States 
Department of Agriculture. The overall objective is to provide information on the 
transport and fate of agricultural chemicals in groundwater in the region. 
Contamination of groundwater by agricultural chemicals is of concern to the 
population of the Northern Great Plains region. Preferential flow (macropore, finger, 
and funnel) allows agricultural chemicals to move rapidly through materials considered 
to be aquitards. 
The purpose of my study was to examine the three major preferential flow 
types, their interdependence. and relative importance in solute transpon in aquitards. 
In conjunction with the larger study, two sites were chosen in North Dakota to 
determine preferential flow mechanisms and their relationships in differing materials, 
including till and glaciolacustrine sediments. 
2 
Location and Setting 
Anamoose 
The Anamoose site is in the SE 1/4, SE 1/4, SE 1/4. Sec. 7, TI5IN, R74W., 
4.8km east and 1.6km north of Anamoose, in White Township, Pierce County, North 
Dakota (Figure I). 
The area experiences a northern continental climate with a wide temperature 
range; winters are cold and summer temperatures can exceed 38°C. The average 
annual precipitation is about 38cm (Lemke, 1960). 
The resulting soil. the Emrick-Heimdal series is developed on Coleharbor 
Group till, is black (Udic Haploboroll), and is about 20cm thick at the site (Thiele et 
al.. I 978). The soil is well-suited to small grain crops. Wheat was harvested from the 
site prior to conducting the stain test. 
Thompson 
The Thompson site is in the SEl/4, SWI/4, NEl/4, Sec. 6, TI49N, R50W, 
2.4km southeast of Thompson in Americus Township. Grand Forks County, North 
Dakota (Figure 2). A dry subhumid climate with a wide temperature range 
characterizes the area (-42 to +43 °C). Precipitation is variable, and averages 49cm 
annually (Hansen. 1970). Winters are long and cold. 
The soil at the site, Bearden silty clay loam (Doolittle et al., 198 l ), is a black 
silty clay (Aerie Calciaquoll). 28cm thick. and developed on Sherack Formation 
glaciolacustrine silt and clay. Bearden soils are suited to cultivation of small grains, 
3 
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sunflowers, sugar beets, and potatoes. Potatoes were harvested from the site prior to 
conducting the dye-tracing test. 
Geology 
Anamoose 
The Anamoose site is in the Central Lowland Province, Western Young Drift 
Section, Drift Plains District (Clayton, 1975). The site is underlain by Cretaceous and 
Paleozoic sedimentary rocks of the Williston Basin that dip gently to the west. and 
Precambrian igneous and metamorphic rocks (Carlson, 1975). The surface deposits 
are till of Late Wisconsinan age, of the Souris River lobe. The till is a low relief 
stagnation deposit, of the Coleharbor Group boulder-clay facies. There are occasional 
thin sand layers in the till (Figure 3). The northern edge of the New Rockford Aquifer 
is approximately 400 meters south of the site, at depth of approximately 40 meters 
(Randich, 1977). These sediments were deposited about 12,000 years ago (Clayton, 
1966). 
Thompson 
The Thompson site is also in the Central Lowland Province, but in the Agassiz 
Lake Plain District, at the west edge of the Manvel Lowland Area (Hanson, 1970). 
The Manvel Lowland Area is characterized by very little relief on Glacial Lake 
Agassiz deposits (Hanson, 1970). In addition to these lake sediments, the Thompson 
site is underlain by Paleozoic Winnipeg Formation sedimentary rocks that dip gently 
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Soil; black. N l, Emrick-Heimdal silty loam . 
Till; light yellowish-brown, ClOYR 6/5) silt, sandy. 
Sand; brownish-yellow (lOYR 6/8) med-crs grain. 
Till; grayish-brown 5/2, silty /sandy l cm-thick. 
Sand; brownish-yellow, scattered med-pebbles; 
dolostone, quartz, shale, mafic rock. 
Till; dark yellowish-brown (lOYR 4/4) silty, sandy 
med-pebble dolostone. 
Sand lens; l cm-thick . 
Fractures; iron and manganese oxide stains, 
1-3 mm diameter 
Till; brownish-yellow. (lOYR 6/6) silty, sandy. 
Figure 3. Stratigraphic column of the Anamoose dye-tracing site. 
7 
The Glacial Lake Agassiz sediments of the Sherack and Brenna Formations 
were exhumed during the course of site excavation (Figure 4 ). The deepest unit, the 
Brenna Formation, is a clay deposited in deep lake water (Harris et al., 1974 ). The 
clay is dark gray to black, highly plastic, contains small white calcareous fragments, 
and occasional carbonate and crystalline-rock pebbles. It was deposited between about 
13,000 and 11,000 years ago (Harris et al., 1974). Between the Brenna and overlying 
Sherack Formations is a thin discontinuous 10cm thick gravel deposit with very coarse 
pebbles. Possible origins include a beach or a small fluvial deposit, perhaps the Poplar 
River Formation (Harris et al., 1974). The Sherack Formation is mainly shallow-water 
lake sediment consisting of laminated clay, silty clay, and silt (Harris et al., 1974). It 
contains minor amounts of sand, and was deposited between about 9,900 and 9,500 
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8 
Soil; black. Bearden silty, clay loam. 
Silt; yellowish-brown (lOYR 5/8) clay, light 
brownish-gray (2.5 Y 6/2), interbedded 
1-2 cm thick . 
Fractures with iron oxide stains . 
Fractures with Iron oxide stains . 
.. _ . . : : : : 
1 
Silt; light olive-gray (SY 6/ l) Sand; yellowish-gray 
::..._=~-::::_ SY 8/1 vf-fgr very thin alternating layers 
- - 2-3 mm thick (varves?) -
- Gravel; yellowish-brown (lOYR), v. crs pbl 
dolostone, granite, shale. 
Clay; dark gray; occasional fine white 
calcareous fragments. 





The review of previous work focused on three major preferential flow types: 
macropore, finger, and funnel. Previous studies related to mechanisms of preferential 




Macropores are large continuous openings in soils. Macropores are formed by 
soil flora and fauna. cracks, fissures, and as soil pipes (Beven and Germann, 1982). To 
initiate macropore flow. more water must enter the soil than the matrix can absorb. 
Rapid rainfall and ponding can initiate such flow. Once started, water moves faster 
through macropores than the rest of the soil. There is a large range of sizes > 30µm to 
> 3000µm for macropores. because of the varied mechanisms for their origin (Beven 
and Germann, 1982). 
Fracture Flow 
A fracture is a surface in which a loss of cohesion has taken place (Van Golf-
Racht, 1982). Fractures are widespread in glacial till and lacustrine sediments ( Grisak, 
1974). Grisak et al. (1976) suggest that fractures in till and lake sediments can 
originate from regional extension of the earth's crust due to rebound following glacial 
9 
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loading, conjugate shearing in response to over-riding ice movement, or tension-
fracturing as a result of a primarily vertical stress release following removal of the 
load imposed by the glacial ice. 
Fractures may be formed by desiccation and thermal contraction. Volume 
changes associated with desiccation cause tension fracture planes to develop as a soil 
dries (White, 1966). Desiccation fractures are generally a few tens of centimeters in 
length and depth, but can be 20-30cm wide and 4-5m long (White, 1969). 
Horizontal thermal strain develops as ground freezes; the resulting thermal 
contraction causes tension fractures to develop (Lachenbruch. 1963). In the Arctic, 
ice-wedges form in the thermal contraction fractures. The resulting ice-wedge 
polygons range in size from a few meters to tens of meters in diameter. Fracturing 
increases the hydraulic conductivity and groundwater velocity in a till or lake sediment 
(Grisak et al., 1976). 
Root Channel Flow 
Root channels develop in soil when roots decay. When roots decay they may 
leave long continuous pores in the soil. These pores may enhance the transport of 
water and solutes (Mitchell et al., 1993 ). Crop roots can penetrate the soil to 
considerable depths: com roots penetrate to a depth of 2m and alfalfa roots can 
penetrate to 1 Om depth (Kramer, 1969). Root channels can persist in a soil into the 
next crop season. The root paths do not persist in swelling soils when the soil is 
rewet during the next growing season (Meek et al., 1990). Several studies ( Gish and 
Jury, 1983; Meek et al., 1990; and Mitchell et al., 199 l) demonstrate that root 
...... 
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channels act as preferential flow paths and allow rapid movement of solutions through 
the soil. 
Finger Flow 
If the hydraulic conductivity of a sublayer is larger than the flux from the 
overlying layer, the flow velocity must increase at the transition from the top layer to 
the sublayer. The flow lines will converge and the wetting front will break into 
fingers (Hillel and Baker, 1988). When hydraulic conductivity increases along a flow 
path. flow lines converge and partial volume flow occurs as the flow accelerates. 
With a decrease in hydraulic conductivity flow velocity decreases and the flow lines 
diverge. Hillel and Baker ( 1988) state the basic hypothesis that a spatially distributed 
flow field, such as a planar wetting front, tends to constrict where the flow accelerates. 
For fingering to occur the conductivity of the sublayer at the suction of water entry 
must exceed the flux through the top layer. The suction of water entry is the 
maximum suction that will allow water to enter an initially dry porous matrix (Hillel 
and Baker. 1988). 
The fractional wetted volume and velocity of finger propagation are dependent 
on particle-size distribution and antecedent wetness (Baker and Hillel, 1991 ). Hill and 
Parlange ( 1972) stated that if an instability is responsible for the formation of fingers, 
they should have a uniform width governed by the properties of the soil. This can be 
represented by a form of their equation (Starr et aL 1978) relating the width. d (L), of 
fingers to soil properties by: 
d :::: S21t/(0s-0i)(Ks-q), 
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where S is sorbtivity, es and 8; are the saturated and initial volumetric water contents, 
K (LIT) is the saturated soil conductivity, and q (LIT) the imposed flux. Finger flow 
can occur during infiltration and redistribution, such as at the change from a fine to a 
coarser layer. 
Funnel Flow 
Water funneled into preferential flow paths at a textural boundary, such as a 
fine sand layer over a coarse sand layer, was first described in a dye-tracing 
experiment (Kung, 1990). Kung stated that funnel flow occurs along an inclined 
textural boundary if the following two conditions are both satisfi.ed: (i) the maximum 
ponding height is positive, indicating there is a macroscopic Haines' jump across the 
boundary, and (ii) water application rates are smaller than a certain critical rate. The 
abrupt emptying or re-filling of a pore is called a Haines jump. Pore spaces are 
generally connected to other pore spaces by narrow channels. A pore space abruptly 
drains when the matric suction \J', becomes less than: 
\/Ir = 2y/r, 
where \J' is matric suction, y is the surface tension of water (7 .62x 10·2 Jim~, and r (L) 
is the channel radius. The pore radius R (L) is greater than the channel radius r, so to 
rewet the pore the suction must decrease to less than \/IR where: 
\/fR = 2y/R. 
When this occurs the pore abruptly rewets. A positive ponding height develops and 
funnel flow occurs as the matric suction decreases to \/IR· Funnel flow is independent 
of initial soil moisture content. but depends on water application rates and layer 
--- -~---------------------~ 
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configuration of the soil. The transport of contaminants can be greatly accelerated by 




The Anamoose site was selected to conduct a dye-tracing test in till. The 
Thompson site was selected to a conduct the test in glaciolacustrine sediment. Both 
sites were located on sites having ongoing studies of the transport and fate of 
pesticides in groundwater. 
At the Anamoose site the top soil was removed and the ground surface leveled. 
A 3x3-meter wood frame was used to contain the dye during application. A neutron 
probe (NP) access borehole was hand-augered and readings taken prior to dye 
application. 
At the Thompson site the top soil was removed and the ground surface 
leveled. A neutron probe access borehole was also hand-augered and readings taken. 
Bulk density samples were collected with a Madiera sampler. A time-domain 
reflectometry (TDR) probe access borehole was hand-augered, and readings taken prior 
to dye application. The calculated bulk density values, NP, and TDR data were used 
to construct a soil moisture calibration curve for the site. 
The square containment frame at Thompson was two meters on a side and 
constructed of metal. The metal frame was hammered about 10cm into the ground, 




The dye used in the tracing tests was FD&C NO. 1 Blue Dye, a non-toxic dye 
used in food coloring. The sorption characteristics of this dye make it suitable for 
simulating transport of water through typical aquitard sediments (clays). 
At the Anamoose site 16.33 kilograms of dye were mixed with 1893 liters of 
water to give a 0.86 wt. % solution. Approximately 1514 liters of the dye solution 
was applied by gravity fed flow from a tank to the wood frame. The dye solution 
ponded in the frame. was covered. and soaked in by the next day. The site was 
excavated 16 days later. 
At the Thompson site 16.33 kilograms of dye were mixed with 3335 liters of 
water to give a 0.49 wt.% solution. The dye was pumped into the frame, and metered 
between the pump and the discharge hose during application. The ponded dye solution 
took 8 days to infiltrate. The amounts and times that dye solution were added to 
maintain maximum head at the site were recorded and average linear velocity 
calculated (Figure 5). The dye solution was allowed to continue to infiltrate deeper 
for 10 more days before excavation. 
Drilling 
Two boreholes were drilled on the Anamoose site (Figure 6) to observe dye 
penetration in sediment outside. and deeper than, the hand-excavated block. The 
boreholes were drilled by pushing a 7 .62cm split-spoon into the ground. Borehole 
#lSE was drilled to a depth of 3.5 meters. Borehole #2SW was drilled to a depth of 
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Figure 6. Anamoose site, plan view, location of the boreholes and the lxlxl.52-meter 
hand-excavated block. 
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Four boreholes were drilled on the Thompson site (Figure 7). These boreholes 
were also drilled to observe dye penetration outside, and deeper than, the hand 
excavated block. The boreholes were drilled with a 15.2cm auger, and cores were 
recovered with a 5.1cm split-spoon. Borehole Tl 5 was drilled to a depth of 4.3 meters, 
Tl6 was drilled to a depth of 4.3 meters, and Tl 7 was drilled to a depth of 4.4 meters. 
Both boreholes bottomed near the water table. 
Excavation 
Neutron and TDR probe readings were taken at both sites prior to excavation 
to determine the soil moisture content prior to dye application. At the Anamoose site, 
a lm-wide x lm-long x l.5m-deep block was hand-excavated in the northeast comer 
(Figure 8). Horizontal layers were removed from O to 1.5m in descending increments: 
10cm, 10cm, I 0cm, I 0cm, 30cm. 30cm, 50cm, and 2cm. At each depth the surface 
was overlain with a 1 Ox l 0cm grid. sketched and photographed. Grab samples for 
sediment grain-size analysis were taken at 5 depths: 10-20cm, 20-30cm. 30-40cm, 40-
70cm, and 70-100cm. The area adjacent to the block was also excavated with a 
backhoe to detect dye penetration. Excavating with a backhoe resulted in spillage and 
scraping by the bucket that caused contamination of the site. On completion of the 
excavation, the pit was refilled and the area leveled. 
At the Thompson site a 2m-wide x 2-meter long x 2.5-meter deep block was 
hand-excavated (Figure 9). A backhoe was used to excavate a trench along the south 
face, to facilitate access for excavation, and to create a place to put the excavated 












Figure 7. Thompson site, plan view, borehole locations 
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Figure 8. The Anamoose dye-tracing site. The hand- excavated block is exposed. 
21 
Figure 9. The Thompson dye-tracing site. The hand-excavated block is complete at 
2.Sm-depth. Note the iron oxide on the silt beds. The white disk at left 
center is at 2.0m-depth. 
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preferential flow paths taken by the dye solution. The first horizontal layers were 
excavated to a depth of 25cm in the following descending increments: 10cm. 5cm, and 
10cm. 
Next, a smaller rectangular block 2x0.25x2 meters was excavated on the south 
side of the main block. as a series of horizontal 10cm and 25cm bench cuts. The 
depths to the base of these cuts were: 35cm, 45cm, 55cm, 65cm, 75cm, 85cm, 100cm, 
125cm, and 150cm. These cuts allowed a close examination of dye paths in the SW 
and SE comers of the block. They also gave a vertical view of well-developed dye 
paths. The remainder of the block was excavated in 25cm horizontal cuts to a depth 
of 1.5 meters. The remainder of the main block was then excavated as horizontal 
cuts from 25cm to 250cm with cuts at thicknesses of: 25cm, 25cm, 25cm, 25cm, 
25cm, 50cm, and 50cm. Each horizontal layer was benched along a line through the 
block from E-W, 85cm south of the north face (Figure 10). The vertical cuts were 
made to expose preferential flow features along a well-developed soil-filled fracture. 
Sediment samples were taken for photographic documentation. To know the 
sample stratigraphic position, the grid position and depth of each sample were 
documented. The spatial position of the preferential flow mechanisms was important 
in estimating percent volume of flow associated with each feature. Two types of 
samples were taken. plug and bulk. Plug samples were collected by pushing a 
container into the sediment until full. Bulk samples consisted of approximately 
20x20x 10cm chunks cut from the sediment. 
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Each horizontal layer was overlain with a control grid (25cm squares) and 
photographed. The walls and vertical sections of the excavation were photographed 
with a scale, and the position within the block was noted. The dimensions of the soil-
filled fractures observed in the excavations walls also were measured. Sediment 
samples were taken from each lithologic unit exposed in the excavation. On 
completion the excavation was refilled and leveled. 
Laboratory 
Photographic documentation and sediment characteristics, and estimates of 
percent of total volume stained for each horizontal layer, were obtained to determine 
the types of preferential flow, preferential flow mechanisms, and their relative 
influence on solute transport at the sites. 
The cores from the Anamoose and Thompson sites were split and logged 
(Appendix A). Sediment grain-size analysis was done by dry sieving the coarse 
fraction (4, 2, 1, 0.5, and 0.062mm diameter), and by hydrometer for the clay and silt 
fractions. 
Sediment grain-size distribution of the Anamoose grab samples and sediment 
samples taken near the Thompson site were graphed (Figure 11 ). All sediment 
samples are described in detail in Appendix B. The bulk density samples from 
Thompson were oven-dried and the bulk density, porosity, and volumetric soil 
moisture determined. In addition. selected cores and sediment samples from the sites 
were photographed (Appendix C). 




The percentage of the total volume stained for each horizontal layer also was 
calculated. The stained area of the horizontal layers for both sites was estimated by 
tracing the stained areas. Then. the stained areas were estimated and used to calculate 
the stained area as a function of total area. Lastly, the mensuration formula for a 
frustum of right circular cone, 
was used to calculate an estimated dye stained volume for each layer except the 
bottom layer. For the bottom layer, the mensuration formula for the volume of a right 
circular cone, 




Anamoose. At the Anamoose site, the surface material is till that is primarily 
silty clay with few pebbles and scattered sand lenses to a depth of approximately 
70cm (Figure 11 ). The pebble content slightly increases with depth from 70 to 4. lm. 
The water table is below 3 .5 meters depth. 
The dye solution totally saturated the lxl meter block to a depth of 8cm 
(Figure 12). The top soil (23cm) was removed prior to the test. All depths herewith 
reported are from top of excavated block. At l 0cm, approximately 49% of the surface 
area was stained (Table l ). The strongest dye stains were along a N-S fracture 25-
30cm from the west edge (top) of the block, and an E-W fracture in the center (Figure 
13). Also, scattered minor dye-stained fractures were evident (see Figure 13). 
Approximately 25% of the 20cm level was stained by the dye solution (Table 
l ). The strongest dye stain was still concentrated along the same fractures noted in 
figure 13, with scattered - 2-3cm spots, and fainter irregular areas 10-20cm across. 
The dye-stained area diminished with depth (Figure 14). The faintly-dyed areas 
occurred where the dye diffused outward from the fractures it followed. These were 
most distinct near the N-S oriented fracture in the west side of the block. 
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Figure 12. Anamoose site, section view; dye-saturated 0-8cm-depth. Fracture and root 
channel flow. 
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Table 1. Anamoose site: Estimates of percent of volume stained and percent of flow 
Estimated Estimated Percent of Flow 
Depth %Area % Total 
(cm) Stained Volume Fracture Root Finger Funnel Matrix 
Stained Channel 
10 40 35.9 55 nunor minor minor 44 
20 24 9.5 60 minor nunor minor minor 
30 0.065 0.11 90 <10 minor 
40 0 0 0 0 0 0 
70 0 0 0 0 0 0 
100 0 0 0 0 0 0 
150 0 0 0 0 0 0 
152 0 0 0 0 0 0 
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Figure 13. Anamoose site, horizontal section at lOcm-depth, showing two distinct 
fractures, N-S at the top and E-W in the center. Note the scattered smaller 
fractures, and possible funnel flow (arrow) . The grid is 1 meter square. 
North is to the right. 
Figure 14. Horizontal section at 20cm-depth; dye stain has diffused into the soil matrix 
along the N-S fracture (arrow). The lighter blue dye stain at the top is matrix 
flow. Note the dye along smaller fractures 
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At the 30cm-depth the dye stains in the fourth column and sixth row of the 
grid shown in Figure 15, were associated with the intersection of the N-S and E-W 
fractures visible in the previous photographs. The remaining scattered dye spots may 
be associated with fine fractures. or may be the result of finger flow. No dye stain 
was observed below this from 40 to 1.52m depth (Figures 16, 17, 18, 19, and 20). 
Discontinuous sand lenses were observed in the block from - 40 to - 80cm 
depth. The sand was fine to very coarse grained, subangular to subrounded and poorly 
sorted. The sand lenses were yellowish brown due to the presence of limonite. The 
lenses also appear to have settled differentially after deposition (Figure 21 ). In the 
Anamoose core, dye penetrated along fine fractures to a depth of approximately 25cm. 
Thompson. At the Thompson site, the dye almost completely saturated the 
sediment to a depth of 10cm (Figure 22); approximately 93% of the area was dye-
stained at that level (Table 2). The Brenna Formation lake clay is groundwater 
saturated at 5 meters depth. 
Fracture patterns were most evident at 15cm-depth (Figure 23). Large N-S and 
E-W trending soil-filled fractures were noted (Figure 24 ). The soil-filled fractures 
had an average width of 50.8cm. and depth of 113.4cm. The average distance 
between the centers of the fractures was 0.96m (Appendix D). The fractures formed 
irregular polygons of various sizes. More dye penetrated these larger zones of 
fractures because of increased permeability, so the intensity and width of the dye stain 
was taken as an indicator of relative fracture zone size. The smaller polygons were 
associated with smaller fractures. the larger ones with larger fractures (Figure 25). 
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Figure 15. Anamoose site, horizontal section at 30cm-depth; fracture size and density 
greatly decreased with depth. Possible finger flow (arrow); 2-3cm diameter 
fingers. 
Figure 16. Anamoose site, horizontal section at 40cm-depth; no dye stain or visible 
fractures. The yellowish iron oxide stain ( center) is along discontinuous 
sandy layer. 
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Figure 17. Anamoose site, horizontal section at 70cm-depth; no dye stain or visible 
fractures. Slight iron oxide stain in top right quarter is along discontinuous 
sand lenses. 
Figure 18. Horizontal section at l.Om-depth; no dye stain or visible fractures. Note the 
iron oxide-stained discontinuous sand lenses in the top right quarter. 
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Figure 19. Anamoose site, horizontal section at I .Sm-depth; clayey till; no dye stain or 
visible fractures. Discontinuous sand lenses and a reddish iron oxide stain near 
center; also scattered white calcite blebs. 
Figure 20. Horizontal section at 1.52m-depth; no dye stain or fractures visible. 
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Figure 21. Anamoose site, vertical section (west side); top of block at 40cm-depth. 
The discontinuous sand lenses were deformed after deposition. No dye stain 
or visible fractures. The dye stain at right of block is in the neutron probe 
.borehole. 
Figure 22. Thompson site, horizontal section at lOcm-depth. Approximately 93 % of the 
surface area was saturated. The grid is divided into 25x25cm squares. Note 
boreholes and neutron probe tube. 
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Table 2. Thompson site: Estimates of percent of volume stained and percent of flow. 
Estimated Estimated Percent of Flow 
Depth %Area % Total Fracture Root Finger Funnel Matrix 
(cm) Dyed Volume Channel 
10 93 84.0 3 2 NIA NIA >95 
15 75 70.0 40 NIA NIA NIA 60 
25 65 62.4 35 NIA 20 NIA 45 
50 60 52.3 30 10 15 NIA 45 
75 45 22.6 15 30 5 NIA 50 
100 0.06 5.0 minor 90 0 5 5 
125 0.04 3.5 minor 95 0 5 minor 
150 0.03 1.9 minor 97 0 3 minor 
200 0.01 0.3 0 97 0 3 minor 
250 <0.01 <0.3 0 98 0 2 minor 
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Figure 23. Horizontal section at 15cm-depth; soil-filled fractures (arrows) . Note the soil 
fracture pattern and density. North is to the left. 
Figure 24. Thompson site; soil-filled fractures along the pit rim (arrows). 
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Figure 25. Thompson site, horizontal section at 15cm-depth, soil-filled fracture at right. 
Note the size range of the soil fractures. 
l 
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Although still strong, there was decreased penetration at the 25cm-depth 
(Figure 26). The fracture density also decreased. 
The soil-filled fracture zones split into thinner sets of fractures by 25cm-depth. 
This splitting is clearly visible when a soil-filled fracture is viewed in vertical section 
(Figure 27), as well as along the horizontal (Figure 28). 
Strong dye penetration was often, but not always, associated with these soil-filled 
fractures. 
At 50cm-depth there was a significant decrease in dye penetration. There was 
also a decrease in fracture size and density (Figure 29). The soil-filled fractures 
continued to split and decrease in size and density (Figure 30). 
By 75cm-depth the fracture systems the dye solution had followed were no 
longer important. The faint light-blue dye stains may have been remnants of finger 
flow, or fine fractures that were remnants of the fracture systems (Figure 31 ). The 
strongest dye stains were associated with root channels. 
The soil-filled fractures decreased in size and density with depth until 
preferential flow ceased along these fractures at approximately 80cm-depth. Below 
80cm other preferential flow mechanisms delivered the dye solution to fine fractures. 
The fractures stained with iron oxide are an older fracture set and are not 
connected with the present surface fracture set. These fractures were most strongly 
developed at the 75cm-depth (Figure 32). These smaller fractures were probably 
paleo-desiccation features. Fractures with iron oxide stains were present on each level 
down to the bottom of the excavation at 2.5m-depth (Figures 33. 34, 35. 36. and 37). 
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Figure 26. Horizontal section at 25cm-depth, finger flow (arrows); fingers average 10cm 
in diameter. The soil-filled fractures split into sets of fractures with depth. The 
fracture size and density decrease with depth. 
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Figure 27. Thompson site, soil-filled fractures splitting with depth. The depth is 100cm 
at the disk. 
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Figure 28 . Thompson site, horizontal section at 25cm-depth. A lcm-wide fracture filled 
with soil is distinguished by its nearly black color in the photo. It is part of the 
N-S trending soil-filled fracture set in figure 23. 
-
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Figure 29. Thompson site, horizontal section at SOcm-depth; continued decrease in 
fracture size and density with depth. 
Figure 30. Thompson site, horizontal section at SOcm-depth. Soil-filled fractures split and 
decrease in size and density with depth (E-W section). 
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Figure 31. Thompson site, horizontal section at 75cm-depth. The faint dye stains (arrow) 
are probably on fine fractures of remnants of finger flow. The iron oxide-
stained fractures are an older set, probably desiccation cracks. Stain at center 
is associated with the neutron tube. 
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NI W~ --Figure 32. Thompson site, horizontal section at 75cm-depth. There are numerous dye-
stained root channels (arrow). The iron oxide-stained fractures are probably 
desiccation cracks. 
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Figure 33. Thompson site, horizontal section at I .Om-depth, showing preferential flow 
along root channels (arrows) . The dye in the top left quarter is contamination 
in borehole Tl 6 from excavating. 
Figure 34. Thompson site, horizontal section at 1.3cm-depth, showing dye stain on root 
channels. Note the scattered calcite blebs in the top right quarter. 
--- -~~- ----
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Figure 35. Horizontal section at !.Sm-depth. Dye stain on root channels. 
Figure 36. Thompson site, horizontal section at 2.0m-depth. Dye stain on root channels 
(arrow). Dye stain at center is associated with neutron probe access tube. 
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Figure 37. Horizontal section at 2.5m-depth. Dye followed the root channels shown in 
figure 36; approximately 2.3m-depth. The dye around neutron borehole has 
stained root channels (arrows). 
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Root Channels 
Anamoose. Evidence of minor root channel flow was observed in the 
Anamoose sediment sample ANA-2 (10-20cm-depth), around a thin root path. The 
root was still in place. Recent roots and decayed root material were observed to a 
depth of 1 meter. Channels with no root material remaining in them were also 
observed at the same depth. The majority of the root channels were less than 1mm in 
diameter. No dye stain associated with root channels was observed below 20cm-depth 
at that site. 
Thompson. Dye saturated the Thompson site silt and clay sediment from the 
surface to a depth of about 15cm. Fine roots and root channels, and evidence of root 
channel flow were first observed in the Thompson sediment samples from l 5-25cm-
depth. The root channel diameters ranged from 1mm to >2mm. 
The dye also was observed on root channels at 45cm-depth (Figure 38). Below 
approximately 85cm preferential flow occurred mainly on root channels (Figure 39). 
Macropore flow was observed along individual root channels at the following depths: 
75cm, 85cm. I.Om. 1.25m, I.Sm, and 2.0m (Figures 32. 40, 41, 42, 43, and 44). Root 
channel flow was observed along vertical and horizontal root channels near the 
neutron probe access borehole at 2.5m-depth (Figure 45). Evidence of root channel 
flow was observed in core from Thompson borehole T16 at 3.8m depth; the flow was 
on two root channels <0. lmm in diameter (Figure 46). Root channel flow also was 
observed near the same borehole at a depth of 4.3m. 
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Figure 38. Thompson site, horizontal and vertical section at 45cm-depth, showing flow 
along root channel (blue dots, bottom arrow), finger flow (top arrow), and 
coalesced fingers. 
Figure 39. Thompson site, vertical section at 75cm-depth. Below 85cm-depth preferential 
flow occurred mainly as flow along root channels (arrow). Note the finger 
flow (arrow). 
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Figure 40. Thompson site, horizontal section at 85cm-depth, showing root channels, 
1-2mm in diameter, surrounded by dye. 
Figure 41. Thompson site, horizontal section at I .Om-depth, showing dye-stained root 
channels and occasional root channels with iron oxide halo. 
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Figure 42. Horizontal section at 1.3m-depth, showing root channel flow and possible 
funnel flow (arrow). Note reduced halo around root channels at top left. 
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Figure 43 . Thompson site, vertical section at l.5m-depth, showing root channel flow 
down an individual vertical root channel. Funnel flow occurred along the 
textural boundaries (arrows). 
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Figure 44. Thompson site, horizontal section at 2.0m-depth, showing root channel flow 
along 1-2mm diameter root channels, and probable funnel flow (arrow). Note 
reduced halos around vertical and horizontal root channels. 
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Figure 45. Thompson site, horizontal section at 2.5m-depth, showing dye stain around the 
neutron probe borehole, and root channel flow on vertical and horizontal root 
channels. 
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Figure 46. Thompson site, split core. Dye stain along a <O. lmm diameter root channel; 




Finger flow was observed at the Anamoose site to a depth of approximately 
20cm in borehole #2SW (Figure 47). The fingers were l-2cm in diameter. The dye 
spots at the top of figure 15 are possibly finger flow, but such flow was not observed 
below 30cm in the excavated block. 
Thompson 
At the Thompson site finger flow was observed at 25cm-depth (Figure 26); the 
fingers were approximately I 0cm in diameter. Some fingers coalesced with increasing 
depth to form wider fingers at 45cm-depth (Figure 38). Below 45cm. fingers thinned 
rapidly to 4-5cm in diameter (Figure 48). The fingers then spread out and left faint 
dye stains by 75cm-depth (Figure 49). Finger flow ceased at approximately 85cm-
depth. This flow appears to be closely associated with the other types of preferential 
flow (Figure 39). 
Funnel Flow 
Anamoose 
Evidence of funnel flow was observed in borehole #lSE, in the top 0.50cm of 
a sand lens at 2.26-2.27m-depth. Dye was not present in the core above or below that 
sand lens. The dye had moved laterally along the top contact between the sand lens 
and the till (Figures 50 & 51 ). 
In borehole #2SW (Anamoose site) funnel flow was first observed at 3.0m 
from the surface at the bottom contact of a 7 .6cm thick sand lens. The dyed area was 
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Figure 4 7. Anamoose site, core section at 20cm-depth; view is downhole. Finger flow, 
saturated in center, unsaturated at the edges. 
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Figure 48 . Thompson site, vertical section at 50cm-depth, showing finger flow with 
diffusion of the dye into a faint blue stain at the lower left and center. The 
finger has decreased from 10cm to 4-5cm diameter. 
Figure 49. Thompson site, vertical view at 75cm-depth, showing remnants of finger flow 
shown in figure 48. 
J 
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Figure 50. Anamoose site, core section at 2. lm-depth; top of hole is to left. Funnel flow 
on a lcm-thick medium to coarse grain sand lens. 
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15cm 
Figure 51 . Anamoose site, core section at 2.3m-depth, showing funnel flow along top 
contact of a thin sand lens. 
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2.2cm across and 0.3-0.5cm thick. Dye was not observed above or below this contact 
in the core (Figures 52 & 53). The second observation of funnel flow in borehole 
#2SW was at the top contact of a sand lens at about 3.9m. The dye stain was 0.7cm 
thick and 3.5cm across. Again, dye was not observed in the block material just above 
or below this sand lens (Figures 54 & 55). 
At the same site possible funnel flow was observed at l 0cm, 20cm and 30cm 
depth in the excavated block (Figures 10 14, & 15). Such flow was not evident 
below 30cm-depth in the excavated block. 
Thompson 
At the Thompson site funnel flow was first observed at 67cm-depth (Figure 
56). Funnel flow also was evident at the clay/silt textural boundaries at depths of 
I.Om, 1.5, 1.5, and 2.2m (Figures 57, 43. 58, & 59). This type of flow was also 
observed in the final cut taken with the backhoe prior to refilling the excavation, at 
about 4.3m-depth. It was also observed that some dye solution apparently leaked 
down the outside of the neutron probe access tube. 
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Figure 52. Anamoose site, core section at 3.0m-depth, showing funnel flow bottom 
contact of a medium to coarse grain sand lens. 
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Figure 53. Anamoose site, core section at 3.0m-depth, showing closeup of funnel flow 
shown in figure 52. 
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Figure 54. Anamoose site, core section at 3.8m-depth, showing funnel flow at top contact 
of a medium to very coarse grain sand lens. 
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Figure 55. Anamoose site, core section at 3.8m-depth. Closeup of the funnel flow shown 
in figure 54. 
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Figure 56. Thompson site, vertical section at 1.5m-depth. Funnel flow at a clay/silt 
boundary (arrow at 67cm-depth). 
64 
Figure 57. Thompson site, vertical section at I .Om-depth, showing funnel flow along a 
textural boundary. The dye solution moved laterally from neutron probe 
borehole. 
Figure 58. Thompson site, vertical section at I.Sm-depth, showing funnel flow (bottom of 
figure 43). Dye solution moved laterally along the clay/silt boundary. 
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Figure 59. Thompson site, vertical section at 2.2m-depth. Funnel flow along the clay/silt 
boundaries near neutron probe borehole. 
~-----------~ -- ---- -
DISCUSSION 
Experimental Design 
Dye-tracing methods were investigated for effectiveness in characterizing 
preferential flow mechanisms in different sediments. The experiments were conducted 
in the oxidized zone of two field sites: one with till, and another with glaciolacustrine 
silt and clay. The blue dye solution moved relatively rapidly through the sediments 
and contrasted well; it was clearly visible on the smallest observed pathways in the 
core and hand-excavations at both sites. 
The dye solution was applied to a 9m2 area at the Anamoose site; 1 m: was 
hand-excavated. The characteristics of dye solution penetration in the till at Anamoose 
indicated that more dye solution applied over a smaller area ( 4m2) might increase the 
probability of deeper penetration along preferential flow mechanisms, such as in the 
glaciolacustrine sediments at the Thompson site. Also. the entire site ( 4m2) was 
excavated at Thompson to increase the chances of detecting all scales of preferential 
flow features. 
The steel frame used to contain the dye at the Thompson site minimized loss of 
the dye by leakage at the surface. and was an effective method to deliver the dye 
solution to minimum of 3.8 meters depth at this site. Borehole cores and hand-
excavation of the sites in layers were effective methods for studying relationships 
between preferential flow mechanisms and site stratigraphy. Sediment samples were 
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useful for microscopic examination of preferential flow paths and sediment structures. 
Detailed photographic documentation was especially useful in analyzing preferential 
flow at the sites. 
The methods of excavation at the Thompson site were effective in exhuming 
the dye-stained preferential flow features. A two-tiered trench was excavated with a 
backhoe along the south side of the block. The bench adjacent to the block gave 
access to the block for hand-excavation. The excavated sediment was placed in the 
lower part of the trench. The trench was emptied and deepened as the hand-
excavation progressed. The area (4m") of the block determined that two people could 
efficiently hand-excavate the block. 
Preferential Flow Mechanisms 
General 
Three major types of preferential flow were observed at the Anamoose and 
Thompson dye-tracing sites: macropore. finger, funnel. These preferential flow 
mechanisms showed evidence of relatively rapid dye solution movement ( 1.01 E 10·5 to 
l.07E 10·6m1sec) through sediments nonnally considered to be aquitards. The velocity 
was an order of magnitude higher in the first 12-24 hours of dye application at the 
Thompson site, as the unsaturated sediment became progressively wetted (Figure 5). 
The interconnection of the preferential flow mechanisms, such as macropore flow 
along fractures and root channels. and finger and funnel flow (Figure 43), was evident 
in the excavations, and contributed to rapid movement of the dye solution through 
subsoil materials to a depth of 3.8 meters in a matter of days. Tables 1 and 2 (see 
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previous section) show the relationships of the preferential flow mechanisms with 
depth. 
Macropore Flow 
Fractures. The fracture systems in the sediment at both sites most likely 
originated from freezing or desiccation, or both. These are tension fractures that form 
under varying temperature and moisture conditions. The older fracture sets are iron 
oxide-stained with occasional manganese oxide stain. These minerals (oxyhydroxides) 
could possibly act as sorbtion sites for cenain solutes moving through the oxidized 
zone. The sets of fractures typically decreased in size and density with increasing 
depth, and most dye penetration associated with them ceased at approximately 40cm at 
Anamoose and 80cm at Thompson. Over 90 percent of shallow preferential flow at 
Anamoose and about 50 percent at Thompson (to 80cm) occurred along fractures 
(Tables 1 & 2). 
The soil-filled fractures at Thompson are composite fractures. In this area 
venical soil fractures have expanded from an initial tension fracture until they reached 
an average zone width of 51cm (Figure 27). The dye solution moved preferentially 
along the soil-filled fractures, thinning and splitting into individual fractures with 
depth (Figure 60). The soil-filled fractures appear to be a semi-regional feature in the 
Sherack Formation (glacial lake Agassiz sediments). Byron Olson, District 
Archaeologist for Powers Elevation Co., uncovered very similar soil-filled fractures at 
archeological site 32TR402, located on Kelso Ridge near Halstad, Minnesota, about 51 
kilometers southeast of Thompson, ND (Figure 61 ). The site is in Sherack Formation 
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Figure 60. Thompson site, vertical section at l .Om-depth. Macropore flow along soil-
filled fractures that split and thinned with depth. 
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Figure 61. Archaeological site 32TR402 on Kelso Ridge near Halstad, MN. Soil-filled 
fracture splitting and thinning with depth. Stick is 1 yard long. 
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lake silt and clay. Soil-filled fractures developed over the region should be considered 
a significant pathway for preferential flow of surficial water deeper into the 
subsurface. 
Root Channels. At the Anamoose site, root channels were developed to 
approximately l meter depth, but root channel flow was not observed below the 20cm-
depth. Root channels made a very minor contribution to preferential flow at the 
Anamoose site. The small diameter ( < l mm) root channels, and lack of root channels 
at greater depth restricted this type of channel flow. Limited root channel 
development may indicate a lack of deep rooting crops, or deep rooting native plants 
in the area. Also, swelling clays can seal such root channels (Mitchell et al., 1991 ). 
At the Thompson site, root channels from deep rooting plants were well 
developed. Crops such as com (roots penetrate to 2 meters depth), and alfalfa (roots 
have been found to l O meters depth) (Kramer, 1969) could account for this. 
Channels created by decayed plant roots tend to form macropores; water can 
flow through them at high water flux (Gish and Jury, 1983). Root channel flow was 
the dominant preferential flow mechanism observed below approximately 80cm-depth 
and contributed > than 90% of preferential flow below 80cm at the Thompson site. 
The dye solution moved both vertically and horizontally along root channels from the 
surface to 2.5m-depth. Most dye movement was along the 1-2mm diameter root 
channels below 80cm-depth (Figure 40). In the Red River valley region extensive 
agriculture of deep-rooting plants was, and still is, an important factor in the 
development of root channels capable of solute transport deep into the subsoil. 
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Finger Flow 
At the Anamoose site finger flow contributed to preferential flow only down to 
approximately 20cm-depth (Figure 47). Finger flow made a very minor contribution 
to preferential flow at the Anamoose site. 
At the Thompson site finger flow contributed about 30% to preferential flow to 
approximately 50cm-depth, and very minor flow blow 50cm. The fingers spread, 
diffused, and such flow ceased at about 85cm-depth (Figure 49). Macropore flow 
along root channels and funnel flow continued to transport the dye solution deeper. 
Finger flow occurred at both sites as the flow accelerated with increases in 
hydraulic conductivity as the texture and structures of the hetergeneous sediments 
varied with depth. The change in hydraulic conductivity was probably continuous in 
the till at Anamoose. where changes in texture and structure of the sediment are 
random. 
The change in conductivity also may be discontinuous. in this case the profile 
consists of distinct layers (Hillel and Baker. 1988). The increases of conductivity with 
depth at the Thompson site. were probably partly discontinuous due to the silt and clay 
layers in the sediment. 
Funnel Flow 
At the Anamoose site funnel flow was observed at the contacts between the 
silty till and discontinuous medium to coarse sand lenses (Figures 50. 51. 52. 53. 54, 
& 55) in core. The dye path from the surface to the observed funnel flow was not 
exposed. A backhoe was used to excavate the site outside the lxl meter hand-
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excavated block. But the backhoe was a crude tool for this type of excavation; it 
caused contamination by scraping dye onto the sidewalls and dropping dye-stained 
material into the pit. Strong winds and human activity in and around the perimeter of 
the pit during excavation also contributed to contamination. The result was to obscure 
evidence for dye paths to the observed funnel flow. 
Fractures such as those observed in the hand-excavated block (Figures 13, 14, 
and 15) probably served to transport the dye solution to the depth of the sand lenses 
occurring within the till. Because these fractures are near-vertical structures with a 
low density, they are unlikely to be intersected by a borehole. However, funnel flow 
tends to be planar and nearly normal to the borehole path and more likely to be 
intersected by a borehole. Funnel flow was an important preferential flow mechanism 
at Anamoose site. Although funnel flow made a minor contribution to preferential 
flow in the hand-excavated block, observation of this flow at 3.8m depth in core 
indicates it made an important contribution to flow. 
At the Thompson site. funnel flow developed along the textural boundaries 
going from clay to silt in the glaciolacustrine sediment. Funnel flow occurred at the 
bottom of the excavated block at 2.5m-depth, and beyond, along the neutron probe 
access casing, to at least 4.2m-depth. Funnel flow was an important preferential flow 
mechanism at the Thompson site (Table 2) and contributed >90% of the preferential 
flow below about 1.0 meter. It was very important because it connected the root 
channels so flow could continue downward. 
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Interaction of Preferential Flow Mechanisms 
Anamoose Site 
At the Anamoose site fracture flow was the primary preferential flow 
mechanism observed in the hand-excavated block (Table 1 ). Finger flow coexists with 
fracture flow, but is estimated to contribute less than 10 percent to the preferential 
flow in the block (Figure 15). Some funnel flow appeared to occur at 20cm-depth, but 
likely played a minor role. Root channel flow was also a minor contributor to flow 
through the block. No preferential flow was observed in the excavated block below 
40cm-depth. However. funnel flow was observed at 2.3, 3.0, and 3.8m-depths in the 
core. Although fracture flow was not evident in the core, it is the most likely 
mechanism to have delivered dye solution to the sand lenses at depth. 
The inferred interaction of fracture flow and funnel flow combined to allow the 
dye solution to move rapidly through the till materials at the Anamoose site to depths 
of 3.8m, which is about 2m above the water table. 
Thompson Site 
Fracture flow was the primary preferential flow mechanism at the Thompson 
site down to approximately 80cm (Table 2). Finger flow was also observed from 
25cm to approximately 80cm-depth. By 1 meter depth both fracture and finger flow 
were minor, being replaced by root channel flow as the primary preferential flow 
mechanism from approximately 80cm depth to the bottom of the excavation at 2.5m-
depth. Root channel flow was also observed at 3.8m-depth in borehole T16 (Figure 





80cm to 2.5m-depth, but still it was very important; funnel flow, with some flow along 
horizontal root channels, acted to connect root channels and facilitate downward flow. 
Flow along very fine fractures was a minor contribution below approximately 80cm-
depth. The interaction of fracture flow and finger flow at shallow depths, followed by 
flow in deeper root channels connected by funnel flow, allowed the dye solution to 
move rapidly through the silty clayey glaciolacustrine sediments at the Thompson site 
to depths of 2.3m. which was within 1. 7m of the water table. 
Recommendations 
The accurate evaluation of potential contaminant transport in clayey sediments 
must include an evaluation of the types and extent of preferential flow occurring in the 
sediment. Cores can provide some information on possible preferential flow 
mechanisms, such as fractures, root channels, and sand layers in the sediment. But, a 
dye-tracing test can provide information on which preferential flow features are 
present, their relative importance, and how well connected they are. 
A dye-tracing test would be very useful to perform where shallow, unconfined 
aquifers may be at risk of contamination. The glaciolacustrine sediments of the Red 
River valley region in the glacial lake Agassiz plain, and the glacial lake Souris plain 
are such areas. Much of the glaciate·d plains area of the northern great plains region is 
till material underlain by shallow groundwater; this includes much of North Dakota. 
CONCLUSIONS 
Contamination of groundwater by agricultural chemicals is of concern to the 
population of the Northern Great Plains. Preferential flow (macropore. finger. and 
funnel), allows such chemicals to move relatively rapidly through materials considered 
to be aquitards. The three types of preferential flow (macropore. finger. and funnel), 
were observed in excavations of the dye-tracing experiments at Anamoose and 
Thompson, ND. The preferential flow mechanisms revealed relatively rapid 
movement. depth > 3.8m in a matter of days, of the dye-rracing solution through the 
unlithified aquitards, till and glaciolacustrine sediment. 
The extent of development of preferential flow mechanisms. and thus their 
ability to transport a solution. is dependent on factors such as lithology, stratigraphy, 
climate. and agricultural practice. Tills are readily subject to fracture due to high clay 
content. freeze-thaw in temperate climates. and wet-dry cycles. Lake silt/clay layers 
are not only subject to fractures but also deep root channel development where soils 
support extensive agricultural practice. For example. fracture flow was 90 percent of 
flow at the till site. and the largest percentage of flow down to 50cm at the 
glaciolacustrine site (Table 2). but was not significant below 50cm where weathering 
of the soil decreased. The rate and volume of recharge are affected by preferential 
flow. such as along root channels at the glaciolacustrine site where over 90 percent of 
the flow occurred below about 80cm: only mmor flow occurred in the mamx ( Table 
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2). These conditions are site specific and determine which preferential flow 
mechanisms have major or minor effects on solute transport. 
Evalulation of the intersection and interaction of preferential flow mechanisms 
is important to accurately characterize flow. An individual preferential flow 
mechanism, not extensively developed. or discontinuous. may not transport a solution 
effectively. This will limit the depth to which solutes are transported. But. 
preferential flow mechanisms acting in concert can transport solutions relatively 
rapidly in unlithified aquitards. Tables l and 2 demonstrate the interaction of 
preferential flow mechanisms as expressed as the estimated percentages of flow for the 
various mechanisms. changing with depth. 
Evidence gathered in this study suggests preferential flow is conunon in 
unlithified aquitards. To determine the potential for relatively rapid contaminant 
movement in an aquitard. the preferential flow mechanisms should be characterized 




Anamoose and Thompson Core Logs 
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DEPTH {cm} 
0 - 20 
20 - 102 
102 - 103 
103 - 119 
119 - 130 
130 - 147 
147 - 226 
226 - 227 
227 - 279 
300 - 345 
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Anamoose Borehole # 1 SE 
Descriptions 
Soil. Emrick-Heimdal. black. loam. 0-38cm: removed with 
backhoe. 
Till, pale yellowish brown, silty/sandy, fine-medium grain, 
scattered fine-medium pebbles, slight mottling from iron oxide, 
calcareous, scattered CaC03 crystals l-2mm diameter. 
Sand. brownish yellow, medium-coarse grain pebbles, dolostone, 
quartz, granite, mafic rock. abundant shale fragments. 
Till, grayish brown. sandy/silty.fine-medium grain, slightly 
mottled with iron oxide. calcareous with scattered white calcite 
coatings on grains. Core broken and crumbled, no visible 
fractures. 
Sand. brownish yellow, medium-coarse grain, scattered medium-
coarse pebbles. dolostone, quartz, granite. mafic rock, and shale 
fragments. 
Till, grayish brown, sandy/silty, fine-medium grain, slightly 
mottled with iron oxide, moderate calcite. 
Till. dark yellowish brown, silty/sandy, fine to coarse grain sand. 
small to medium pebbles, calcareous with scattered white 
coatings, occasional iron oxide stains. 
Sand. brownish yellow, silty, fine-medium grain. moderately 
calcareous. Dye stain at contact; funnel flow. 
Till, dark yellowish brown, silty/sandy, fine-medium pebbles 
dolostone. calcite, occacional blebs dark red iron oxide, scattered 
fractures <0.3mm with yellowish brown iron oxide stains. 253-
274cm: thin fractures with iron oxide stains. 
Till. brownish yellow. silty/sandy, medium pebbles, dolostone 
and granite. occasional fractures with minor iron oxide stains, 
moderately calcareous. occasional dark red iron oxide. 
Depth(cm) 
0 - 20 
20 - 114 
114-119 
119 - 124 
124 - 127 
127 - 130 
130 - 132 
132 - 137 
137 - 140 
140 - 142 
142 - 168 
168 - 170 
170 - 188 
188 - 191 
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Anamoose Borehole #2SW 
Descriptions 
Soil. Emrick-Heimdal. black loam. 0-38cm: material moved. 
Till, light yellowish brown, silty/sandy, fine-medium grain, very 
calcareous, scattered iron oxide stains, Brown iron oxide stains 
on what may be old fractures, calcite grains (2-3mm dia.), 48-
58cm: dye diffusing as round areas covering 20-30% of core. 
Sand, light yellowish brown, fine-coarse grain moderate sort, 
moderate calcite. 
Till, light yellowish brown, sandy, fine-coarse grain, small 
pebbles, calcite, iron oxide stains. 
Sand, yellowish brown, fine-coarse grain, calcite, iron oxide 
stains. 
Till, light yellowish brown. as above. 
Sand. yellowish brown, as above. 
Till, light yellowish brown, sandy, fine-coarse grain. small 
pebbles, calcite, iron oxide stains. 
Sand, yellowish brown, fine-coarse grain, calcite. iron oxide 
stained. 
Till, light yellowish brown as above. 
Sand, yellowish brown with a brownish yellow iron oxide stain 
on bottom contact. Core extremely crumbled. 
Till, light yellowish brown. sandy, fine-coarse grain. fine 
pebbles. calcite, iron oxide stains. 
Sand. yellowish brown, fine-coarse grain. calcite. iron oxide 
stains. brownish yellow iron oxide stains on bonom contact, l 75-
l 78cm: dye; uphole contamination. 
Till, light yellowish brown, sandy, fine pebbles. 
191 - 194 
194 - 198 
198 - 202 
202 - 210 
210 - 226 
226 - 290 
290 - 297 
297 - 384 
384 - 391 
391 - 402 
402 - 409 
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Sand. yellowish brown, moderate calcite. 
Till, light yellowish brown. sandy, fine pebbles. 
Sand, yellowish brown, fine-coarse grain. calcite. iron oxide 
stains. Brwonish yellow iron oxide on Bottom contact, core 
extremely crumbled. 
Till, light yellowish brown, sandy, fine-coarse grain. fine 
pebbles, calcite, iron oxide stains. 
Sand. yellowish brown. fine-crs gr, minor calcite, iron oxide on 
the bottom contact. Core is extremely crumbled. 22 l-226cm: 
clumps of sand and till dye stained. core completely crumbled, 
could be contamination. 
Till, grayish brown, silty, fractures with reddish bowm iron 
oxide, fractures occur at 226-239cm. occasional blebs of reddish 
brown iron oxide, moderate calcite. fine pebbles, occasional iron 
oxide on fracture surfaces. Core Extremely Crumbled 282-
294cm. 
Sand. brownish yellow, medium-very coarse, moderate calcite, 
297cm: dye on bottom contact; 22mm x 2-5mm thick. 
Till, yellowish brown, silty, fine-medium pebbles, iron oxide 
fractures. 
Sand. light yellowish brown. fine-coarse grain. It appears the till 
has been smeared down enclosing the sand lens except the 
bottom contact. coarsest in the top 3-5cm. bottom contact 
irregular. brown iron oxide. 384-385: dye stain at top contact, 
7mm thick by 35mm across. 
Till. very dark gray, clayey, fine-medium pebbles, 398-403cm: 
iron oxide on fractures 
Till, brown, clayey/silty, fine-medium pebbles. 
Depth (cm} 
0 - 43 
43 - 267 
267-318 
318 - 403 
403 - 422 
422 - 428 
428 - 451 
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Thompson Borehole Tl 5 
Descriptions 
Soil. black. Bearden. silty clay loam. 
Silt/clay, yellowish gray, mottles; moderate, fine, minor calcite, 
moderate dark brown root material, dye saturated to 18cm. Dye 
penetrated along fractures. and root channels. Silt and clay 
layers evident at 185cm 
Silt/clay, yellowish brown, mottles; strong, abundant, large, 
moderate dark brown organics, 
Silt. olive gray, 
Silt/clay, yellowish brown, as above. 
Gravel, yellowish brown. fine pebbles, very coarse sand. 
Clay, gray, fine white pebbles. 
Depth (cm) 
0 - 23 
23 - 405 
404 - 405 
405 - 429 
429 - 438 
438 - 445 
445 - 455 
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Thompson Borehole Tl 6 
Descriptions 
Soil. black. Bearden. silty clay loam. 
Silt/clay, yellowish gray, mottles; slight, fine, minor calcite, dard 
brown root zones. Dye saturated to 18cm, l 52-203cm: mottles; 
strong, abundant, large. Occasional very thin coarse sand lenses. 
Sand, yellowish brown. coarse grain. 
Silt. light olive gray, small dye blebs. 
Silt/clay, yellowish brown, mottles; strong, abundant. 
Gravel, yellowish brown, fine pebbles; dolostone and granite. 
Clay, very dark gray, fine white pebbles. 
Depth (cm) 
0 - 93 
93 - 419 
419 - 448 
434 - 435 
435 - 449 
449 - 450 
450 - 454 
454 - 464 
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Thompson Borehole Tl 7 
Descriptions 
Soil. black. Bearden, silty clay loam soil thickness indicates soil-
filled fracture. 
Silt/clay, moderate yellowish brown, mottles: slight, fine, 
moderate, minor calcite, roots. 
Silt, light gray, fine sand. 
Sand , yellow brown. coarse grain. 
Silt, with fine grain sand. 
Sand. yellow brown, fine-medium grain. 
Core loss: gravel not recovered. 







0 - 87 
87 - 137 
137 - 400 
400 - 427 
427 - 429 
429 - 436 
436 - 480 
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Thompson Borehole T 18 
Descriptions 
Soil. black. Bearden. silty clay loam. thicness indicates probable 
soil-filled fracture. 
Silt/clay, yellowish gray, mottles: weak, few, fine, minor calcite, 
abundant roots, dark organics. 
Silt/clay, yellowish brown, mottles: strong, many, medium, 
minor calcite, moderate organics. 
Silt, light gray, sandy, clayey at bottom. 
Sand, gray, fine grain. 
Silt/clay, yellowish brown. mottles strong, many, medium, minor 
calcite, moderate organics. 
Clay, dark gray. 
APPENDIX B 
Anamoose and Thompson Sample Descriptions 
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Sample 
ANA - 1 
ANA - 2 





Depth (cm) Descriptions 
0 - 10 Till. light yellowish brown. silty, abundant calcite, fine 
foots and root channels. Dye saturated to 7cm, dye on 
fine root channels. Note: depths are from top of block. 
10 - 20 Till. yellowish brown. silty, abundant calcite, round areas 
of dye, possible finger flow, dye on fine (< 1mm) root 
channels. 
20 - 30 Till. light yellowish brown, silty, abundant calcite, fine 
roots and root channels, round dye spots about 5cm in 
diameter. 
30 - 40 Till. light yellowish brown. silty, abundant calcite, fine 
roots. abundant fine root channels, occasional dye spots 
2-3mm in diameter. 
70 - 100 Till. light yellowish brown, abundant calcite, fine roots 


















- 0-10 Silt/Clay, completely saturated with 
dye; dark(elk) blue. 
- 10-15 Silt/Clay, > 90% saturated with dye. 
- 15-25 Silt/Clay, approx. 30% saturated; elk 
blue, -50% moderate(mod) penetration, 
medium(med) blue, -10% minor 
penetration, light(lt) blue, -10% not 
dyed. sample (spl) very friable. 
- 15-25 Silt/Clay,Hand cut to show a vertical 
finger of complete dk blue sat. thru 
-30% of the spl, - 70% has areas of 
med blue, mod penetration of matrix, 
some possible root paths. mod 
calcareous( cacl). 
- 15-25 Silt/Clay, Hand cut. Soil fill of 
fracture. med blue. mod penetration. 
- 12-27 Silt/Clay, south face of block. example 
of fingering, areas of complete and 
mild saturation. 
') 25-50 Silt/Clay, fingering: elk blue area, root 
paths med blue, -65& of the spl is 
unstained, scattered fine specks of It 
brownish gray 2.5 Y 6/2 FeOx, mod 
calc. 
1 2-50 Silt/Clay, It brownish gray 2.5 Y 6/2, 
fingering: dk blue center diffusing to It 
blue edges. Thin roots visible. 
3 25-50 Silt/Clay, lt brownish gray, fingering 






THlOP 2 2 Silt/Clay, lt brownish gray, fingering; 
med blue, diffusing toward edges, 
scattered blebs of dark organic 
material. Thin roots, occasional( occ) 
fine FeOx. 
THllP 6 2 25-32 Silt/Clay, It brownish gray, fingering; 
dk blue, diffusing, occ fine dk organic 
and FeOx specks, scattered fine roots. 
THI2P 7 6 25-30 Silt/Clay. It brownish gray, fingering; 
dk blue. diffusing, occ dk organic and 
FeOx specks. scattered fine roots. 
TH13P I 7 25-32 Silt/Clay, It brownish gray, fingering; 
a.a. 
THI4P 4 4 25-32 Silt/Clay, It brownish gray, occ dk 
organic specks, occ fine F eOx 
specks,scattered fine roots, no dye 
penetration. 
TH15 1 7 50-75 Silt/Clay It brownish gray, minor 
fingering, mod blue. mod dye 
penetration. Root paths( -1 mm 
diameter) visible. some dyed paths. 
some not. -75& undyed. occ fine dk 
organic and FeOx stains. Scattered thin 
roots, mod calc. 
TH16 8 7 50-75 Silt/Clay, It brownish gray 2.5 Y 6/2, 
fingering; med blue. Dye along root 
paths, abundant(abund) fine roots, occ 
dk organic matter, and FeOx specks. 
Dye visible along fine fractures, mod 
calc. 
TH17P 2 2 50-75 Silt/Clay, lt brownish gray, mod 
fingering, dye along root pats, scattered 
dk organic and FeOx specks. -90% 






THI8P 7 3 50-57 Silt/Clay, It brownish gray, fingering: 
dk blue, partially along fine soil filled 
fractures, scattered dk organic & F eOx 
specks, mod calc. 
THI9P 2 5 50-58 Silt/Clay, It brownish gray, scattered dk 
organic blebs & FeOx stains, mod calc. 
No dye stain. 
TH20P 5 7 50-55 Silt/Clay, It brownish gray, minor 
fingering, med blue dye on fine 
fractures & root paths, scattered fine 
roots, occ specks of dk organic & 
FeOx, mod calc. 
TH21 3 2 75-100 Silt/Clay, It brownish gray 2.5 Y 6/2, 
-10% dyed; root paths and probable 
fine fractures. mod FeOx increase. mod 
disseminated calcite. 
TH22 7 3 75-100 Silt/Clay, lt brownish gray, a.a, < I% 
dyed along root paths. 
TH23 7 5 75-100 Silt/Clay, It brownish gray, very minor 
fingering; lt blue. Small sample taken: 
dye on root path, fine root in root path. 
FeOx stains on fine fractures. mod 
FeOx stain. mod root paths. mod calc. 
* 
TH24 2 5 75-100 Silt/Clay, It brownish gray, very minor 
fingering;lt blue occ faint small areas. 
dye on root paths, FeOx on fine 






TH25P 4 2 75-80 Silt/Clay, It brownish gray, dye around 
root paths; It blue, FeOx on fine 
fractures. Small root paths abund under 
40X magnification. A clear insect 
<.5mm in length crawled into a root 
path. NB: the fingering in samples 
TH2 l-TH24 may be diffusion of dye 
around fine root paths, mod calc. 
TH26P 5 4 75-81 Silt/Clay, It brownish gray, visible root 
paths, mod FeOx stains. very fine 
fractures. fine roots, mod calc. 
TH27 4 .., 100-125 Silt/Clay, It brownish gray 2.5 Y 6/2, 
FeOx stains on fine fractures, elk 
organic root matter in a root path, 
FeOx on faint bedding plane. mod root 
paths. fine roots . No visible dye, 
minor calc. 
TH28 6 6 100-125 Silt/Clay, It bmsh gray 2.5 Y 6/2, 
abund root paths, abund F eOx on 
fractures, mod FeOx on partings, 
reduced halo around a root path. 
abundant(abund) fine root paths. minor 
calc. No dye visible. * 
TH29P 2 5 I 00-108 Silt/Clay, It bmsh gray, abund FeOx 
along a fracture, minor calc, No dye 
visible. 
TH30P 7 3 100-108 Silt/Clay, It bmsh gray, mod 
disseminated F eOx, abund fine root 
paths up to 1mm in diameter. minor 
calc. 
TH31P 8 8 100-108 Silt/Clay, It bmsh gray, abund FeOx on 
fractures, elk organic material along 
fracture; possible frost fracture fill (?), 






TH32 7 3 125-150 Silt yellowish brown 10 YR 5/8, and 
silt/clay lt brownish gray 2.5 Y 6/2, 
alternating layers, 1-3cm thick. the 
color is due to FeOx on the layers with 
different textures. minor calc. No dye. 
TH33 1 7 125-150 Silt, yell bm & silt/clay, lt bmsh gray, 
a.a. Dye on root paths, root material 
present in one path, dye has moved 
horizontally in the silt; funneling. 
* 
TH34P I I 125-133 Silt, yell bm & silt/clay It bmsh gray, 
a.a, many fine root paths; mod number 
with reduced halo, single faint dye path 
visible in the spl, minor calc. 
TH35P 8 7 125-132 Silt, yell bm & silt/clay, It bmsh gray, 
a.a, dye along root path (mod), 
horizontal dye movement on the silt. 
* 
TH36P 3 8 148.150 Silt, yell bm & silt/clay, lt bmsh gray, 
FeOx on fractures: horizontal and 
vertical. No dye visible. NB: Check 
possibility of plant impression. 
TH37P 3 8 127-134 Silt, yell bm & silt/clay It bmsg gray, 
a.a, dye movement along root path and 
along textural change, i.e. probably a 
very thin sandy layer in the silt. 
* 
TH38 2 .., 181-187 Silt, yell bm & silt/clay lt bmsh gray, 
a.a. abund F eOx stain on thin fractures, 
abund root paths up to 1 mm in 
diameter. No dye visible. Minor calc, 






TH39 8 7 168-178 Sil, yell bm & silt/clay It bmsh gray, 
a.a. Dye visible along root path. Dye in 
this area of the grid is continuous to 
the surface. * 
TH40 8 8 175-181 Silt, yell bm & silt/clay It bmsh gray, 
FeOx stains along fractures. dk organic 
matter in root paths, dye along root 
paths. Sample crumbly, minor calc. 
* 
3 170-177 Silt, yell bm & silt/clay It bmsh gray 
H41P a.a. With 2-3mm root path. No dye 
visible. 
TH42P 6 8 150-155 Silt, yell bm & silt/clay It bmsh gray 
a.a. FeOx halos around root paths. No 
dye visible. * 
TH43P 1 8 150-155 Silt, yell bm & silt/clay, It bmsh gray, ... 
a.a. No dye visible. 
TH44P 1 7 177-184 Silt, yell bm & silt/clay, It bmsh gray 
a.a. Dark organic material; root 
remnants, in root paths. 
TH45P 8 6 220-228 Silt, yell bm & silt/clay, lt bmsh gray, 
a.a with occ dk organic or MnOx 
stains. Dye along root path. minor calc. 
Thin very fine grained sand layers. 
TH46P 8 6 220-228 Silt, yell bm & silt/clay dark bmsh 
gray, a.a. Possible animal burrow, filled 
with more organic rich sediment i.e. 
soil. No dye visible, minor calc. 
* 
TH47 , 3 250-258 Silt, yell bm & lilt/clay It bmsh gray, 
possible cross-bedding, root paths, 
FeOx stains on fractures. No dye 






TH48 6 2 250-258 Silt, yell bm & silt/clay lt bmsh gray 
a.a. 
TH49 6 3 281-289 Silt, yell bm & silt/clay lt bmsh gray, 
abund fine root paths under l OX, abund 
FeOx and possible MnOx stain on thin 
fractures, occ very thin very fine 
grained sand layers, mod calc. No dye 
visible. 
TH50 7 6 250-258 Silt, yell bm & silt/clay It bmsh gray, 
abund fine root paths at l OX. Possible 
sediment texture sample: Silt/Clay. No 
dye visible, minor calc, a.a. * 
TH51 4 6 250-260 Silt, yell bm & silt/clay It bmsh gray, 
a.a, crossbedding, thin layers of very 
fine grained sand. Dye on foresets. 
Funneling along texture changes. Dye 
along root paths 
** 
TH52P I I 250-257 Silt, yell bm & silt/clay It bmsh gray, 
very thin very fine grained sand layers, 
FeOx stains minor calc. No dye visible. 
Fine root paths. 
TH53P 2 
, 
275-281 Silt yell bm & silt/clay It bmsh gray, 
a.a. 
TH54P 8 1 250-258 Silt, yell bm & silt/clay, lt bmsh gray, 
fine root paths, FeOx, minor calc. No 
dye visible. 
TH55P 8 5 250-258 Silt, yell bm & silt/clay It bmsh gray, 
a.a, with a root path with reduced halo. 
TH56P 2 5 250-258 Silt, yell bm & silt/clay lt bmsh gray, 
a.a, dark organic remnant: probable 
root material in a root pathway. No 













472 Silt, light olive gray SY 6/l. sand 
yellowish gray Y 8/1, very fine to fine 
grained, angular to subangular, mod 
sort. Very thin 2-3mm alternating 
layers, possibly varves, mod calc, no 
clear root paths. No dye visible. 
Scattered F eOx stains and possible 
organic matter stains. Location: 114cm 
from SE comer of the pit at the pit 
wall. 
480-490 Gravel, yellowish brown IO YR 5/4. 
very coarse pebble, angular to rounded, 
poor sorting, FeOx & MnOx coatings. 
Pebbles: granite. dolostone. quartz. 
Location 114cm from SE comer along 
pit wall at the pit wall. 
490 Clay, dark yellowish brown l O YR 4/4, 
fine laminations near top contact. Clay 
color is due to oxidation. Sample taken 
at bottom contact of the gravel. Calcite 
crystals cement the gravel on the top 
contact of the clay. No dye visible. 
Clav: Brenna Formation. ** 
500-508 Clay, dark gray N3, occ It colored rock 
grains. Brenna Formation. No dye 
visible. 
117 Silt/Clay, lt bmsh gray, a.a, with an 
oxidized root path. This is a scape 
sample No dye visible. Location: South 
face of the pit. 
APPENDIX C 
Anamoose and Thompson Photograph List 
97 
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Figure Site Roll Negative Comment 
2 AN Ray Butler negative. 
8 AN EERC negative. 
9 TH 30 18 Thompson, block. 
10 TH 5 16 Thompson, plan view, 25-50cm. 
12 AN 3 21 Anamoose site, cm . 
13 AN 4 3 Anamoose. 10cm . 
14 AN 4 35 Anamoose, 20cm . 
15 AN 4 7 Alternate photograph. 
16 AN 4 17 Anamoose. 40cm. 
17 AN 5 17 Anamoose, 70cm. 
18 AN 5 16 Anamoose, 100cm. 
19 AN 5 18 Anamoose, 150cm. 
20 AN 5 14 Anamoose. 152cm. 
21 AN 5 20 Anamoose block. settled sand. 
22 TH 7 14 Thompson. 10cm. 
23 TH 7 30 Thompson, 15cm 
24 TH 30 13 Thompson soil-filled fracture. 
25 TH 2 3 Thompson, 15cm SE comer. 
26 TH 2 16 Thompson. 25cm. 
27 TH 30 22 Thompson, pit wall. 
28 TH 2 7 Thompson, fracture closeup. 
t 99 
[ 29 TH 10 2 Thompson. 50cm. 
f 
30 TH 8 19 Thompson, fracture. 
31 TH 12 15 Thompson. 7 5cm. 
32 TH 20 14 Thompson, 75cm. 
33 TH 17 11 Thompson, 100cm. 
34 TH 18 21 Thompson, 125cm. 
35 TH 18 34 Thompson, 150cm. 
36 TH 22 13 Thompson, 200cm. 
37 TH 27 5 Thompson. 250cm. 
38 TH 6 21 Thompson. 45cm, finger. 
39 TH 3 36 Thompson, section 150cm. 
40 TH 4 21 Thompson. 85cm, roots. 
41 TH 19 3 Thompson, l 00cm. 
42 TH 21 24 Thompson. 125cm. 
43 TH 20 19 Thompson. 150cm. 
44 TH 24 14 Thompson. 200cm. 
45 TH 25 6 Thompson, 250cm. 
46 TH 31 4 Thompson, l 8X closeup. 
47 AN 2SW 10 Anamoose core BH 2SW. 
48 TH 8 0 Thompson. 50cm. finger. 
49 TH 15 23 Thompson, 50cm. finger. 
50 AN !SE 14 Anamoose core BH 1 SE. 
100 
51 AN 1SE 18 Anamoose, 213cm, funnel flow. 
52 AN 2SW 3 Anamoose core BH 2SW. 
53 AN 2SW 12 Anamoose, 297cm. funnel flow. 
54 AN 2SW 20 Anamoose, 384cm, funnel flow. 
55 AN 2SW 22 Anamoose, 3 84cm, funnel flow. 
56 TH· 5 6 Thompson, 67cm, funnel flow. 
57 TH 14 9 Thompson, 100cm, funnel flow. 
58 TH 23 11 Thompson, 150cm. funnel flow. 
59 TH 26 10 Thompson, 215cm. funnel flow. 
60 TH 28 25 Thompson, 100cm, fractures. 
61 HAL Halstad, MN. fractures. 
APPENDIX D 
Thompson Soil-filled Fracture Dimensions 
101 
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Thompson dye tracing site. The position and dimensions of the soil-filled fractures. 
Measured from the NE comer. along the east side of the pit, from north to south. All 
measurements were taken at top of the pit: 
I Soil-Filled Fracture I 
Spacing (cm) Width (cm) Depth (cm) 
46 25 89 
91 28 94 
262 89 124 
381 43 112 
Measured from the SE comer. along the south side of the pit, from the east to west: 
Soil-Filled Fracture 
Spacing (cm) Width (cm) Depth (cm) 
122 63 109 
206 23 107 
290 66 127 
Measured from the NE comer. along the north side of the pit. from east to west: 
Soil-Filled Fracture 
Spacing (cm) Width (cm) Depth (cm) 
140 89 114 
103 
Measured from the NW comer, along the west side of the pit, from north to south: 
I Soil-Filled Fracture 
Spacing (cm) Width (cm) Depth (cm) 
95 2 124 
189 8 140 
Measured from l '1 SW corner, along the north side of the pit, from east to west: 
Soil-Filled Fracture 
Spacing (cm) Width (cm) Depth (cm) 
94 122 107 
NB: With fine fractures to 132cm depth. 
AVERAGE SEPARATION OF FRACTURES: 96cm. 
AVERAGE DEPTH OF FRACTURE: 113cm. Some fractures had very thin fractures 
to approximately 122cm depth. 
AVERAGE WIDTH OF FRACTURES: 51cm. Width varied from 2.5cm to 122cm. 
I 
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